Abstract: Terahertz metamaterial structures that employ flexing microelectromechanical cantilevers for tuning the resonance frequency of an electric split-ring resonator are presented. The tuning cantilevers are coated with a magnetic thin-film and are actuated by an external magnetic field. The use of cantilevers enables continuous tuning of the resonance frequency over a large frequency range. The use of an externally applied magnetic field for actuation simplifies the metamaterial structure and its use for sensor or filter applications. A structure for minimizing the actuating field is derived. The dependence of the tunable bandwidth on frequency is discussed. 1976-1985 (1999). 33. W. P. Taylor, O. Brand, and M. G. Allen, "Fully integrated magnetically actuated micromachined relays," J.
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Introduction
Since their conceptual inception [1] , most of the work on metamaterials has been motivated by the possibility to design their characteristics to exhibit behavior not usually possessed by natural materials [2] . Building on the publications presenting the initial designs and demonstrations [3] [4] [5] , left-handed metamaterials that exhibit a negative index of refraction have been demonstrated in the microwave to visible region of the spectrum [6, 7] and metamaterial structures that act as super-lenses have been demonstrated at microwave to millimeter-wave frequencies [5, 8, 9] . More recent work on metamaterials have concentrated on demonstration of interesting new phenomena such as cloaking [10] and application driven concepts such as active, nonlinear or tunable metamaterials [2, 11] . The extension of the metamaterial research to terahertz frequencies has opened up possibilities for new applications whose technological importance has been a strong motivating factor [12] [13] [14] [15] [16] . Amongst these, the presence of resonances of several biological molecules in the terahertz range of frequencies makes sensors an especially important application area [17, 18] . Thus, structures that can be used as sensors and structures which can be used for spectroscopic analysis have been under intense development [18, 19] .
Various affinity based approaches for adapting terahertz metamaterials for sensor devices have appeared in the literature [17] [18] [19] . These assume that the target molecule would be selectively bound to the metamaterial surface via a target specific binder. It was demonstrated that the binding of the target molecules at a high field position in the metamaterial structure would provide the most sensitivity [20] . Based on the affinity probe principle, terahertz sensors that respond to a change in the dielectric constant or to a change in the absorption coefficient were demonstrated [18] .
Tunable terahertz metamaterials have also received significant attention due to applications in both the sensing and spectroscopy field and optical communications area. Various methods for changing the resonant frequency of a metamaterial have been proposed and demonstrated [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . While the existing designs of tunable metamaterials provide important functionality and possess certain advantages in each case, a terahertz metamaterial continuously tunable over a wide frequency range has not yet been demonstrated. The reports in the literature have either been tunable in discrete steps or tunable in a narrow band.
A metamaterial structure which can be tuned continuously in a wide frequency range can be advantageous for sensor and spectroscopy applications. Rather than designing a new metamaterial for each specific molecule to be sensed one common structure can be tuned to various frequencies and be used for all molecules of interest. Similarly, a tunable metamaterial can be used to sense for several materials at the same time. For spectroscopy applications a wideband tunable metamaterial will simplify the spectroscopy system and enable a wider range of frequencies to be investigated with the setup.
In this work, we present a novel approach that transforms the metamaterial structure to incorporate conventional microelectromechanical (MEMS) single-edge-fixed cantilevers into split-ring resonators [31] . The MEMS cantilevers used to tune the metamaterial are actuated by the force generated by an external field on the magnetic material coating the surface. Magnetic actuation of single end fixed cantilevers have been studied and demonstrated before [31] [32] [33] . Detailed experimental investigations have shown that the problem of curving of the cantilever under the residual stress of the magnetic layer can be addressed by depositing low stress materials by a variety of methods [34, 35] . Hard magnets with a high magnetization have also been investigated for application to actuation in MEMS systems [35, 36] . It is important to note that the fabrication of the structures proposed in this work rely only on conventional MEMS techniques. The mechanical properties of the proposed structures are analyzed and the suitability of the selected dimensions for proper operation is shown.
In this work, the electric split ring resonator metamaterial structure is modified in a way that will minimize the field magnitude required for actuation of the cantilever. Furthermore, the constraint that the stress in the cantilever will not exceed the bottom limit of the range of yield strength of the cantilever materials is also taken into account. Full-wave simulations show that the structure acts as an electric split-ring resonator (eSRR) and that the resonant frequency of the structures can be tuned over a large bandwidth. Through full-wave simulations, high quality factor structures are designed by modifying the design.
Simulation details
All the simulations in this work were performed by using the commercial time-domain simulator CST Microwave Studio [37] . The structures were defined from gold and resistive losses were taken into account during the simulations. In order to incorporate effect of dielectric constant of the substrate on the resonance characteristics, substrate was chosen to be 100 μm thick loss-free quartz. Since low-loss substrates and dielectrics exist, the substrate losses and the losses in the dielectrics were ignored. Following the approach in the literature, the effect of the bare substrate on transmission was eliminated from the results by dividing the transmission of the metamaterial with the reference transmission of the bare substrate [38] .
The periodic structure of the metamaterial was simulated by limiting the simulation domain to a single unit-cell and employing periodic boundary conditions in axis directions orthogonal to beam propagation. The structure was excited by using a plane wave incident from the substrate side. The transmitted field profile was probed at a position 400 micrometers away from the metamaterial surface. It was verified that moving the probe position further away does not make a significant difference in the measured field. The simulated unit-cell incorporated an empty space equal to 10 μm beyond the eSRR structure itself to achieve a unit cell dimension 20 μm larger than the dimensions of the eSRR structure.
This spacing is known to influence the properties of the metamaterial, but was not modified in the simulations performed in this work.
All simulations were performed as individual runs and the convergence of the results were checked by monitoring the change of energy in the domain and also by repeating the simulations by employing a finer mesh. From the mesh size dependent variation observed in the results, the accuracy of the resonance frequencies was estimated to be ±2 percent.
Device structure
For terahertz frequencies, the electric split-ring resonator structure shown in Fig. 1a has been investigated previously. Theoretical and experimental investigations have shown that the eSRR structures exhibit several resonances, the lowest of which is due to the series inductor and capacitor that effectively exist in the structure. As shown in the Fig. 1a , the eSRR structure consists of two rings that share a common "split". The current induced in the eSRR rings experience an inductive effect as it flows around the rings and a capacitive effect across the "split". The resonance frequency of the eSRR can be adjusted by designing the length and area of the rings to adjust the inductive effect and by designing the split to adjust the capacitive effect. Previous demonstrations of tunable terahertz metamaterials have utilized the possibility to change the effective capacitance of the eSRR by changing the length or spacing of the split either by illumination, temperature change or applied bias [21] [22] [23] [24] [25] [26] [27] .
The split in the eSRR structure can be replaced with a parallel plate capacitor without changing the operation and characteristics of the metamaterial. Such a structure and its transfer characteristics are compared to a classical eSRR in Fig. 1b . It is seen that the modified eSRR functions same as the classical eSRR.
The tunability of the modified eSRR can be achieved by replacing the parallel plate capacitor with a flexible cantilever beam with a height that can be changed. Such a structure is shown in Fig. 1c . With a cantilever beam, the series capacitance of the eSRR structure will come to depend on the bending of the beam. In order to change the bending of the cantilever beam a force will need to be applied to the structure. The deflection of the beam is known to be proportional to the cube of the length of the beam for a fixed force applied at the end of the beam [31] . Hence, the force needed to deflect the beam for a given displacement will be minimized if the beam is made as long as possible. In the eSRR structure, the cantilever length can be increased by moving the "split" from the center of the eSRR to the edge of the eSRR as shown in Fig. 1d . In Fig. 1c and Fig. 1d , the simulated transfer characteristics of these two modified eSRR structures are also shown.
The flexible cantilever concept shown in Fig. 1d can be utilized for an actual device by several methods. This paper investigates the use of magnetic actuation for the generation of the force needed to bend the cantilever. In the next section, the properties of magnetic actuation are investigated and the eSRR structure is modified to incorporate a magnetic layer of optimal dimensions. For the magnetic material, the saturation magnetization of permalloy (M=1 Tesla) was used. 1b . The structure and the transfer characteristics of an eSRR modified to incorporate a parallel plate capacitor. For the device simulated the sides are 120 μm, the arms are 10 μm, the height of the top plate from the bottom plate is 3 μm, and the bottom plate is 60x4 μm square. Fig. 1c . The structure and the transfer characteristics of an eSRR modified to incorporate a parallel plate capacitor with a flexing cantilever. For the device simulated the sides are 120 μm, the arms are 10 μm, the height of the top plate from the bottom plate is 3 μm, and the bottom plate is 60x4 μm square. Fig. 1d . The structure and the transfer characteristics of an eSRR modified to incorporate a parallel plate capacitor on the top arm of the structure. For the device simulated the sides are 120 μm, the arms are 10 μm, the height of the top plate from the bottom plate is 3 μm, and the bottom plate is 60x4 μm square.
Mechanical analysis of beam bending
Magnetic actuation of MEMS cantilevers have been investigated theoretically and experimentally for application to microfluidic control systems and RF-MEMS switches [31] [32] [33] [34] [35] [36] . The earlier works in the literature consider a flexible beam, appended by an inflexible and magnetic material coated extension [32, 33] . For such a structure, an analytic formulation for the beam profile under magnetic field is accurate if the beam material stays in the linear elasticity regime and the beam bending is small. In the present work, we apply the results of [32] directly to the structure under consideration. Figure 2 shows a structure that has been modified from the asymmetric eSRR from Fig. 1d . Fig. 2 . The structure of the magnetically actuated eSRR with a flexing parallel plate capacitor. The relevant dimensions are labeled and are given in Table 2 for the three devices studied. Figure 2 shows the forces that result from the magnetic field, which are generated if the easy magnetization axis of the thin magnetic film is perpendicular to the magnetic field. These forces generated by the magnetization of the coated inflexible magnetic layer results in a torque, which has the tendency to rotate this layer along the external magnetic field. For beam bending angles smaller than 25 degrees, the angular dependence of the forces can be ignored with at most 10% error in force calculation. Under high magnetic field conditions which result in the saturation of the magnetization, the resulting forces are calculated as:
where M s is the saturation magnetization, W and T are the width and thickness of the magnetic layer and H 1 and H 2 are the magnetic field intensity at the two ends of the magnetic layer. For ease of calculation, the effect of force generated at the tip ( 1 F ) can be translated to the end of the flexible part of the cantilever. The result is a torque T t given by 1 t 
T F L =
and a net force F given by F = F 1 -F 2 . Assuming that the magnetic field will be uniform, the net force will be zero. Then, the flexible part of the beam will bend into a circular arc under the effect of the torque so that the beam will have a radius of curvature R and the tip of the flexible part will have an angle θ which are given by; The desired resonance frequency and the height set for flat position will determine the total length A of a side of the eSRR structure. Part of that length will have to be used to anchor the beam. Calling the remaining length as S, the flexible part will be l=(S-L) micrometer long. With this constraint we get:
The value of L that maximizes y m can be found by replacing R with 1 EI F L and equating the derivative of the above formula to 0 as:
However, the design can utilize a length different than the value given above, in order to trade-off the magnetic field that needs to be applied versus the length and hence the stress of the flexible part of the cantilever.
The beam in Fig. 2 can be a composite structure of a layer of gold for low resistance and a mechanical support layer for ensuring the beam is stiff enough to hold the weight of the magnetic layer and also to avoid fabrication problems such as stiction. For the gold conduction layer, we employ a thickness of 0.2 μm which is larger than one skin depth. For the mechanical support layer, a conventional choice is plasma chemical vapor deposited silicon nitride. In this work, we employ a 0.2 μm Si 3 N 4 support layer on top of the gold cantilever. The Young's modulus and yield strengths of gold and Si 3 N 4 are shown in Table 1 . Keeping the cantilever thickness as small as possible is important to reduce the stress that results from bending. In the designs below, in order to compensate for the resistance of the thin gold layer in the cantilever, the cantilever structure is set to be as wide as the capacitive overlap region.
The power dissipation in the coil that will be used to generate the actuating magnetic field can be an important practical concern. The coil power dissipation and mechanical stability considerations dictate that it will be advantageous if the cantilever beam is anchored at a high position so that it lies in the middle of its range of movement at its flat position. However, this implies that the design procedure as described in the results section is more involved and this approach was not used in this work.
In order to safely stay in a range where the mechanical stability or the fabrication yield and reliability details will not undermine the relevance of the simulations performed, this work makes the assumption that the beam actuation will be limited to a maximum stress of 150 MPa and that the beam tip will not come closer than 0.4 μm to the bottom conductor surface. These assumptions limit the tuning range that can be demonstrated here but also mean that an experimental realization can be readily achieved. However, even with these constraining and conservative assumptions, a large tuning range can be achieved as shown below. Table 2 provides the parameters used for the three tunable structures simulated in detail. Table 2 also provides the stress in the gold and the silicon nitride layers of the cantilever calculated at the maximum height of the cantilevers. The calculations were made using standard beam theory formulae [39] . It can be seen that the stress in the gold and silicon nitride film remains in the safe region. Periodicity in the x-direction (μm) 260 140 150 Periodicity in the y-direction (μm) 100 100 80 Fig. 3 . Tuning characteristics of the three devices whose parameters are given in Table 2 . a) Device 1, b) Device 2, c) Device 3.
Simulations and discussion
The beam profiles were calculated by using the methodology described in the previous section for the parameters shown in Table 2 . The calculated beam profiles were then imported into CST simulator and used for generation of the eSRR structure by line sweep and sheet thickening operations. Figure 3 shows the transfer characteristics of several beam positions for the designs parameterized in Table 2 . It can be seen that Design 1 has a tuning range of 0.147 to 0.275 THz and Design 2 has a tuning range of 0.265 to 0.514 THz. The criterion in selecting these parameters was to obtain a transmission minimum less than −10 dB at the low end of the frequency range. Since the minimum capacitance and the highest frequency that can be achieved is limited by the actuation range (maximum bending angle as dictated by stress limits), the frequency range obtainable is limited by the maximum capacitance that can be used at the low frequency region while the beam is flat or bent-down. The working principle of the eSRR's can be modeled via a series RLC resonant circuit [41] . The data presented in Fig. 3 , indicates that the bandwidth remains the same as the resonant frequency is varied by changing the capacitance. The constant bandwidth implies that the loss in the circuit is not changing. The variation observed in the transmission minima can be understood through considerations of the quality factor. An increase in the capacitance in a series RLC circuit implies a decrease in the quality factor. The change of the quality factor is related to the decrease of the resonance frequency while the bandwidth stays the same. This expected change in the quality factor is observed in Fig. 3 .
With these observations, the design starts by implementation of an eSRR at the low end of the frequency range using the maximum capacitance possible while still maintaining a transmission minimum of less than −10 dB. Then the higher end of the tuning range is determined by the stress limit of the material. The stress in the beam can be reduced by using a thinner cantilever, but since capacitance varies approximately inversely proportional to the spacing, the increase that can be achieved is limited. Figure 4 shows the change in the resonant frequency as a function of actuation height for Device 1. It can be seen that the increase of the resonant frequency slows down with increasing height as expected.
As the low end of the frequency range is increased, the inductance and the capacitance of the circuit must be decreased. The changes that can be made to reduce the capacitance or the inductance come at the expense of decreased tuning range. The capacitance can be decreased by using a narrower beam, but this increases the loss on the thin beam conductor. Alternatively, the capacitance can be decreased by increasing the beam height, but this limits the change in the capacitance and the change in the resonance frequency.
An alternative option that can be exercised to decrease the capacitance is to reduce the overlap of the cantilever with the top arm. Through this option the capacitance can be decreased to about ¼ of the full coverage before the fringe capacitance starts to limit the variation that can be achieved by the actuation of the cantilever.
Design 3 is a structure that takes the above considerations into account and uses two nearly square inner loops (38 μm by 36 μm) and a reduced overlap structure. By employing numerous numerical simulations, we have observed that the square inner loops are optimal when both mechanical and electrical properties are taken into account. By this approach, the tuning range can be adjusted to cover the frequencies from 0.265 to 0.514 THz which is almost an octave. Hence, using the approaches described above, it is possible to increase the tuning range. It needs to be noted that in order to increase the operational frequency range, the dimensions of the structure, and in particular the height, is made smaller. The smaller structure height (L y in Fig. 2 ) puts more stringent stress requirements on the beam and ultimately limits the actuation that can be achieved. For Device 3, the thicknesses of the cantilever materials were decreased to 0.13 μm in order to stay in the stress limit of gold. Furthermore, in order to limit the stress in the cantilever, the inflexible magnet part of the cantilever was shortened from the optimal 27 μm to 16 μm. This enabled a longer flexible region thus reducing the stress, but the magnetic field required for the actuation increased.
Conclusion
The electric split-ring resonator structure has been modified to incorporate a cantilever beam. Tuning of the resonant frequency of the eSRR metamaterial by a magnetically actuated cantilever has been demonstrated using full-wave time-domain electromagnetic simulations. The calculations regarding the bending that can be achieved by a magnetic field demonstrates that for realistic device dimensions, magnetic layer thickness and magnetic field of the cantilever beam can be bent enough to affect a large tuning range. A tuning range close to an octave has been demonstrated for the low-end of the terahertz band. The width of the tuning range narrows down as the frequency is increased. The factors influencing the performance of the cantilever beam eSRR structures were discussed. The trade-offs involved in the design process indicate that the maximum operational frequency of the MEMS cantilever eSRR structures will depend on the properties of the cantilever and the magnet materials used to fabricate the structure.
